Near-infrared (NIR) quantum cutting involving the emission of two NIR photons for each visible photon absorbed is realized from Ce 3+ /Yb 3+ codoped chalcohalide glasses. Excitation, emission and decay spectra are measured to prove the occurrence of energy transfer (ET) from Ce 3+ to Yb
between the solar photon flux spectrum and the spectral response of Si solar cells accounting for ~70% energy loss is one of the main factors limiting the efficiency of Si solar cells [4] . Downconversions including downshifting and quantum cutting (QC), are important methods of modifying the solar photon flux spectrum. Many efforts have been made to develop NIR QC phosphors or glasses co-doped with Yb 3+ and other rare-earth ions (RE 3+ ) [5] [6] [7] . 
2.Experiment
High-purity elements germanium (99.999%), gallium (99.999%), sulfur (99.999%), Cerium(99.999%), and ytterbium(99.999%) and compounds CsCl (99.9%) were loaded into a 10 mm inner-diameter silica tube and evacuated to a high vacuum level (10 -3 Pa). The mixes were heated at 900 o C for 12 hours in a rocking furnace, and then quenched in the water. The glasses obtained were annealed at a temperature hal-00859852, version 1 -9 Oct 2013 20 o C below the glass transition temperature for 2 hours and then slowly cooled down to room temperature. The glass samples were cut into circular discs of 2 mm thickness and polished to optical quality using the superfine Al 2 O 3 powders. The X-ray diffraction patterns confirmed that the prepared glasses were amorphous. The glass compositions are listed in Table I .
Absorption spectra were recorded by a Jasco V-570 spectrophotometer (Jasco International Co. Ltd., Tokyo, Japan). The excitation, emission spectra were collected by a high-resolution spectrofluorometer (Fluorolog-3, Horiba Jobin Yvon Inc., Edison, NJ) using a 450 W Xe-lamp as the excitation source.
The decay curves of Ce 3+ emission was performed by FLSP920 (Edinburgh Instruments). All measurements were carried out at room temperature.
To obtain the QY, a barium sulfate coated integrating sphere (150 mm in diameter) was attached to the FLS920. The blank laser excitation line from 440 to 460 nm was measured first. Then, the sample was placed on the sample holder in the integrating sphere for measurement of the emission spectra with Hamamatsu R928 and liquid-nitrogen-cooled Hamamatsu R5509-72 photomultiplier tubes in the NIR ranges. To eliminate the noise, every spectrum was scanned at least 5 times.
Results and Discussion
Fig.1 presents normalized absorption spectra of glass samples G1-G5. The absorption cut-off edge of the G1 glass is located at 450 nm. The absorption band of the 2 F 5/2 → 2 F 7/2 transition of Yb 3+ ranging from 900 nm to 1100 nm can be clearly identified from the inset figure which is enlarged from 900 nm to 1050 nm. Apparently, the absorbance around 980 nm increases with increasing Yb 3+ concentration. . From the excitation spectra monitored at the 988 nm emission of Yb 3+ (dashed line in Fig.2 ) it is clear that co-doping of Ce 3+ (G2) leads to a much broader and more intense excitation band with the maximum wavelength shifted to the blue region. The greatly increased excitation cross-section (ECS, the area under the excitation band) of the codoped sample is benefiting energy harvesting of light sources [11] . , usually about 100% because of the very low multiphonon relaxation rate due to the large energy gap to the next lower level, the ground state; η T is the energy transfer efficiency [13] . Thus we can get the calculated QY equals to 104%, 136%, 156%, 164% for G2-G5, respectively.
Actually, QY is defined as the probability for a sample to emit a photon through fluorescence when it is excited by a single photon. It is therefore also the percentage of photons emitted by a bulk sample when a given number of photons are absorbed by the sample, i.e., the number of photons emitted divided by hal-00859852, version 1 -9 Oct 2013 the number of photons absorbed by a sample. The number of photons absorbed by a bulk sample is equal to the number of photons incident minus the photons passing through and not being absorbed.
From this definition, QY can be measured by using an integrating sphere and calculated according to the following equation：
where, L S is the NIR luminescence emission spectrum of the sample; E S is the spectrum of the light used for exciting the sample and E R is the spectrum of the excitation light without the sample in the sphere. As an illustration, the excitation lines of the G2 sample are shown in Fig.6 
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